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This study discusses the possible application of enzyme mediated calcite precipitation, EMCP, as a soil-improvement technique. It explains the
experimental works on this EMCP technique. The ﬁrst part of this paper addresses the different methods for quantifying the amount of calcite
precipitated within sand. Two methods, namely, the thermal decomposition method and the CO2 volume evaluation method, are examined. These
methods serve to evaluate the calcite distribution within the treated sand. The second part of this paper explains the experimental procedures and
the results of drum-can experiments. Homogenous sand specimens, with a diameter of 57 cm and a height of 60 cm, are prepared inside a steel
drum-can. A grout solution, comprising urea, urease, and CaCl2, is injected into the centre of the sand specimens. Subsequently, the improved
samples within the specimens are collected and their compressive strength is evaluated. The maximum measured unconﬁned compressive
strength is 380 kPa. An attempt is made to relate the improved mechanical properties of EMCP-treated sand to the amount of mineralized
carbonate. The obtained calcite-strength relation is found to be in close agreement with the relation obtained in previous literature.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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In-situ calcite precipitation has been studied for its various
possible applications, such as to remove contamination from
groundwater systems (Nemati et al., 2005), to repair cracks in
concrete (De Belie and De Muynck, 2009), to preserve
limestone monuments (Al-Thawadi, 2011), to reduce the
swelling potential of clayey soil (Ivanov and Chu, 2008),
and to increase the resistance to seismic-induced liquefaction
(Burbank et al., 2011). Calcite precipitation is achieved by the
microbial-induced calcite precipitation technique, MICP. In10.1016/j.sandf.2015.02.018
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der responsibility of The Japanese Geotechnical Society.this process, urease-producing bacteria are employed to
dissociate the dissolved urea. At ﬁrst, bacteria dissociate urea
and produce ammonium that increases the pH of the solution
(Eq. (1)).
COðNH2Þ2þ3H2O -
Uerase
2NHþ4 þ2OH þCO2 ð1Þ
The series of reversible reactions take place in the elevated
pH, producing carbonate ions CO23
 
as ﬁnal product.
CO2þH2O⇌H2CO3 ð2Þ
H2CO3⇌HCO

3 þHþ ð3Þ
HCO3 ⇌CO
2
3 þHþ ð4ÞElsevier B.V. All rights reserved.
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combine with the produced carbonate ions to form mineralized
carbonate, i.e., CaCO3 (Eq. (5)).
CO23 þCa2þ-CaCO3↓ ð5Þ
Among the many other engineering applications of MICP, it
has been extensively adopted as a potential soil-improvement
technique because of its appreciable cementing capacity.
According to Harkes et al. (2010), precipitated CaCO3 serves
as binding material: it binds soil particles and results in the
improved mechanical properties of the soil. van Paassen et al.
(2010) investigated the feasibility of the calcite precipitation
technique as a ground-improvement method via a soil speci-
men of 100 m3. Mortensen and DeJong (2011) evaluated the
evolution of mechanical properties in specimens subjected to
various stress paths using triaxial tests. Cheng et al. (2013)
studied calcite cementation at various degrees of saturation.
Many of the works on MICP are limited to the laboratory
scale. However, the ﬁeld application of the MICP technique
has already been carried out to strengthen gravel for borehole
stability during horizontal directional drilling (van der Star
et al., 2011).
There are some complexities with the MICP technique. The
bacterial incubation requires a special environment. The
transport of bacteria (and hence, bacterial activity) may be
limited in ﬁne-grained soils (van Paassen et al., 2010). The
high concentrations of urea and/or calcium chloride may have
an inhibitory effect on the bacterial activity (Nemati et al.,
2005). Therefore, enzyme mediated calcite precipitation,
EMCP, may be an alternative in-situ calcite precipitation
technique (Yasuhara et al., 2012). In this technique, puriﬁed
urease crystals are employed for the dissociation of urea. Using
the enzyme itself is more straightforward than using bacteria,
because the cultivation and the ﬁxation of bacteria (i.e.,
biological treatment) do not need to be considered (Yasuhara
et al., 2012). This is because, unlike microbial method, enzyme
is mixed and injected along with the reagent solution in
enzymatic method, hence the ﬁxation of enzyme is not
required. The mineralogical composition of the precipitated
material obtained by the enzymatic method is analysed and
found to be calcite in our previous work (Neupane et al.,
2013).
The efﬁcacy of the EMCP technique on a small scale
(50 mm in diameter and 100 mm in height) and on a relatively
large scale (57 cm in diameter and 60 cm in height) has already
been evaluated in our previous works (Yasuhara et al., 2012,
2014; Neupane et al., 2013).
In order to adopt the EMCP technique as a soil-
improvement technique in real ﬁelds, the relation between
the mechanical properties (i.e., stiffness and strength) of the
improved soil and the amount of precipitated calcite must be
attained in advance. Furthermore, reliable methods of calcite
quantiﬁcation are required to ascertain that the amount of
calcite precipitated is not being misestimated. In our previous
works (Yasuhara et al., 2012; Neupane et al., 2013), the
amount of precipitated calcite was evaluated by the acid
leaching method. In this method, an oven-dried sand sampleis reacted several times with hydrochloric acid (i.e., HCl
solution) to remove the calcite present in it. The acid-treated
sand is then washed with water and allowed to dry in the oven.
The difference in the dry mass of the sand before and after
removing the precipitated calcite is evaluated. The mass loss
during the acid leaching process is considered to be the mass
of the calcite. During this process, the sand is washed 3–5
times with acid and water. The soil sample may contain
soluble materials, such as the by-products of the calcite
precipitation reaction, which may also be ﬂushed away. This
may result in the overestimation of the precipitated calcite. In
addition, this method requires that the sample be dried two
times, resulting in an increase in experiment time. Thus, to
quantify the precipitated calcite more accurately and in shorter
time, two calcite quantiﬁcation methods are examined thor-
oughly in this work.
Another purpose of this study is to conduct drum can
experiments and to employ the newly examined calcite
quantiﬁcation method to evaluate the calcite distribution.
Although drum-can experiments were conducted in our pre-
vious work (Neupane et al., 2013), the mechanical properties
of the improved samples were not evaluated. Moreover, the
three-time injection of the grout solution was required to
achieve adequate cementation on sand because of the low
concentration of the adopted solution. The mechanical tests
using the same grouting technique (i.e., the EMCP technique)
have been maintained as one of the mandatory works. In this
work, therefore, a higher concentration of grout solution is
adopted to reduce the injection number. Similarly, unconﬁned
compression tests are conducted to evaluate the improved
mechanical properties. Subsequently, the relation between the
mechanical properties and the amount of calcite precipitated
within the soil sample is examined.2. Calcite quantiﬁcation methods
Finding a reliable method for quantifying calcite is also an
important part of the successful implementation of the calcite
precipitation technique as an alternative soil-improvement
technique for engineering applications. Studies are being
carried out on the quantiﬁcation of precipitated calcite.
Qabany et al. (2011) suggested a method of measuring the
S-wave velocity to evaluate the quantity of calcite. Whifﬁn
et al. (2007) utilized the CO2 gas produced by the reaction of
the HCl solution and sand containing calcite to quantify the
calcite. One of the objectives of the current research is to ﬁnd a
faster and simpler method of quantifying calcite. This study
evaluates two calcite quantiﬁcation techniques, namely, the
thermal decomposition method and the CO2 volume evaluation
method. Both methods utilize the basic principles of chemistry.
Afterwards, the methods of calcite precipitation are compared.
The amount of calcite on three types of mixtures are quantiﬁed
using three methods (i.e., the thermal decomposition method,
the CO2 volume evaluation method, and the acid leaching
method) separately to suggest the best method of calcite
precipitation. The commercial CaCO3 obtained from Kanto
Table 1
Properties of mixtures for thermal decomposition method.
Sample
name
Mass
of
sand
[g]
Mass
of
calcite
[g]
Total
mass
[g]
Lost
mass
[g]
Lost mass
after
correction
[g]
Theoretical
value of
mass loss [g]
Percentage
error [%]
Th1 10.0 0.0 10.0 0.016 0.000 0.000 0.0
Th2 9.9 0.1 10.0 0.063 0.047 0.044 6.4
Th3 9.7 0.3 10.0 0.134 0.118 0.132 10.6
Th4 9.5 0.5 10.0 0.219 0.204 0.220 7.3
Th5 9.0 1.0 10.0 0.434 0.420 0.440 4.5
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Fig. 1. Calibration curve for thermal decomposition method of calcite
quantiﬁcation.
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Fig. 2. Schematic representation of calcite quantiﬁcation technique.
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level higher than 98% is utilized in this study.
2.1. Thermal decomposition method
CaCO3 is decomposed into calcium oxide and CO2 gas
when it is heated to a high temperature. CaCO3 may lose 44%
of its original dry mass when it is heated to 635–865 1C
(Halikia et al., 2001; Navarro et al., 2009). The reaction taking
place is shown in the following equation:
CaCO3-CaOþCO2↑ ð6Þ
The known mass of oven dried commercial CaCO3 is taken
in a porcelain basin and mixed with oven-dried sand to make a
total mass of 10 g. The composition of mixtures of sand and
CaCO3 are represented by Th1–Th5 in Table 1. The porcelain is
placed inside a mufﬂe furnace and heated at a temperature of
900 1C for 6 h. Then, the porcelain with the samples is removed
from the furnace and weighed. Following this procedure, the
lost mass (i.e., the mass of the lost CO2 gas) is calculated. The
same procedure is followed for various proportions of sand and
CaCO3; and consequently, a calibration curve is drawn. The
sand used in this work may also slightly lose its mass during
heating. To eliminate any errors that may originate from the loss
in mass of the sand used, 10 g of dry sand is also heated under
the same condition, which is referred to as Th1 in Table 1. The
loss of sand only is also incorporated during the calculation of
the mass loss. The theoretical mass of CO2 (i.e., the theoretical
maximum mass loss) is also calculated using Eq. (6).
The experimental and theoretical relations between the
initial mass of CaCO3 and the lost mass are shown in Fig. 1.
The continuous line represents the theoretical maximum mass
loss during thermal decomposition. The closed diamonds
represent the total mass loss (i.e., the sum of the mass loss
due to the thermal decomposition of the calcite and the mass
loss due to the heating of sand). The mass loss of 10 g of only
sand is obtained to be 0.0159 g. As the masses of the sand used
here in this experiment varies from 9.0 g to 9.9 g, a value of
mass loss corresponding to the mass of the sand used is
calculated and deduced from the total mass losses to achieve
the actual mass losses. The lost mass, before correction and
after correction, is shown in Table 1. The actual mass losses
are represented by open diamonds in Fig. 1. The average
percentage error is calculated to be 7%. The percentage error isthe ratio of the difference between the theoretical and the
experimental values to the theoretical value. As is apparent, the
experimental values of mass loss are slightly less than the
theoretical values. However, the accuracy of the experiment is
reasonable. The obtained relation can be used as a calibration
curve to quantify the calcite present on the treated sand.2.2. CO2 volume evaluation method (CVE)
CaCO3 neutralizes acids to give the salts of calcium and
CO2 gas. The reaction taking place is shown in Eq. (7). The
volume of the evolved CO2 gas has a direct relation to the
amount of CaCO3 consumed during the neutralization reaction.
Assuming that all the calcite is consumed, the mass of the
calcite can be quantiﬁed by measuring the volume of the
evolved gas.
CaCO3þ2HCl-CaCl2þCO2↑þH2O ð7Þ
The basic principal of this method is comparable to that of
the method described by Whifﬁn et al. (2007) and Fukue et al.
(2011). The current method compares the experimental result
with the theoretical maximum value indicating the reliability of
this method. A schematic representation of the experiment is
shown in Fig. 2. In this method, a known mass of commercial
CaCO3 is mixed with oven-dried sand to make a total mass of
10 g. The mixture is poured into a 500-mL conical ﬂask. A few
millilitres of water are added to the mixture to moisten it. The
ﬂask is covered with a cork. The cork contains two holes.
A stopper funnel, with a stopcock (or rotor), and a brass tube
Table 2
Properties of mixtures for CVE method.
Sample
name
Mass of
sand
[g]
Mass of
calcite
[g]
Total
mass
[g]
Volume
of gas
[cm3]
Theoretical
value [cm3]
Percentage
error [%]
C0 10.0 0.0 10.0 10 – –
C1 9.9 0.1 10.0 23 24.2 5.0
C2 9.8 0.2 10.0 45 48.4 7.0
C3 9.7 0.3 10.0 72 72.6 0.8
C4 9.6 0.4 10.0 92 96.8 5.0
C5 9.5 0.5 10.0 114 121.0 5.8
C6 9.4 0.6 10.0 134 145.2 7.7
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Fig. 3. Calibration curve for CVE method of calcite quantiﬁcation.
Table 3
Comparison of three calcite quantiﬁcation techniques.
S.
N.
Thermal decomposition
[mass % of calcite]
Acid leaching [mass
% of calcite]
CVE [mass %
of calcite]
1 2.54 1.80 0.53
2 8.24 6.80 6.48
3 2.59 2.30 1.07
Table 4
Properties of mixtures for comparison of three calcite quantiﬁcation
techniques.
Sample
name
Mass of sand
[g]
Mass of CaCO3
[g]
Mass of NH4Cl
[g]
Total mass
[g]
C7 9.5 0.5 0.0 10.0
C8 9.4 0.5 0.1 10.0
C9 9.2 0.5 0.3 10.0
C10 9.0 0.5 0.5 10.0
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position. 5 mL of 2.5 mol/L HCl is added to the stopper funnel
and the level of acid is marked. Afterwards, 10 mL of 2.5 mol/
L HCl, is added to the funnel again. 10 mL of 2.5 mol/L HCl is
supposed to dissociate 2.5 g of CaCO3. The stopcock is rotated
slowly to allow the acid to pass inside the ﬂask. When 10 mL
of the acid is passed (i.e., the acid level falls to the mark made
before), the rotor of the stopper funnel is closed to prevent the
leakage of gas out of the ﬂask. Since no gas bubbles were
observed through the remaining acid on the funnel, the
successful leakage prooﬁng is ascertained. The ﬂask is shaken
gently to mix the CaCO3 and acid thoroughly. The reaction is
allowed to take place until the gas bubbles cease to appear.
The released CO2 gas ﬂows through the tube and displaces the
water in the measuring cylinder, as shown in Fig. 2. The
volume of the displaced water is noted. The volume of the acid
employed should have a direct relation with the amount of the
water displaced. To examine the effect of the volume of the
acid employed, similar procedure is repeated with 10 g of sand
that contains no calcite. This condition is represented by C0 in
Table 2. 10 cm3 of the water displacement in the measuring
cylinder is observed while pouring 10 mL of acid in the ﬂask.
It shows that the acid poured into a ﬂask displaces an equal
volume of air from the ﬂask. Therefore, the volume of CO2 gas
is calculated by subtracting 10 mL from the volume of water
displaced in the measuring cylinder. The experiment is
repeated with various amounts of calcite, as represented by
C1–C6 in Table 2. A relation between the amount of calcite
used and the volume of CO2 gas released is developed, as
shown in Fig. 3. The relation between the amount of calcite
and the volume of CO2 gas is used as the calibration curve.
The theoretical maximum volume of gas that may be
released from the given mass of the CaCO3 is also calculated
using Eq. (7). As is apparent, the measured volume of gas is
slightly lower than the calculated theoretical volume of gas.
It may be due to the dissolution of a fraction of the CO2 gas in
water. However, the accuracy of the experiment is about 95%.
A comparison of the calcite of the three samples quantiﬁed
by employing the thermal decomposition method, the CVE
method, and the acid leaching method is shown in Table 3. As
is apparent, the results of the three methods vary considerably.
The amount of calcite quantiﬁed by the acid leaching method
is higher than the amount of calcite evaluated by the CVE
method. This may be due to the impurities ﬂushed during
washing, because the mass loss due to the ﬂushing of soluble
impurities will add up to the mass loss due to the reaction of
HCl and calcite. The amount of calcite quantiﬁed by the
thermal decomposition method is also higher than the amount
of calcite evaluated by the CVE method. This may be due to
the presence of ammonium chloride as a by-product of the
calcite precipitation reaction. The ammonium chloride boils at
520 1C; hence, the loss in mass during heating up to 900 1C
may be due not only to the decomposition of CaCO3, but also
to the evaporation of ammonium chloride.
To examine the effect of ammonium chloride on calcite
quantiﬁcation methods, another suite of experiments is con-
ducted. Four combinations of C7, C8, C9, and C10, withvarious amounts of sand, CaCO3, and NH4Cl are prepared.
The combinations are shown in Table 4. Each of these four
combinations contains 5% CaCO3, but the amount of NH4Cl
varies. The amounts of CaCO3 quantiﬁed by the three methods
are shown in Fig. 4. As is illustrated in the ﬁgure, the amount
of NH4Cl affects the results of the acid leaching method and
the thermal decomposition method. When it comes to the CVE
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chloride, because NH4Cl does not react with HCl to produce
gas. The reliability of the CVE method is found to be higher
than that of the acid leaching method and the thermal
decomposition method. Therefore, the CVE method is adopted
in this work.
For the actual measurements, 10 g of the oven-dried treated
sand samples are put into the ﬂask. The volume of CO2 gas,
released by the reaction of the sand samples treated with
10 mL of HCL with a concentration of 2.5 mol/L, is measured.
The volume of gas is compared with the calibration curve
shown in Fig. 3 for quantifying the amount of calcite present
on the treated sand samples.
3. Drum-can experiments
Upscaling the biomediated ground modiﬁcation processes
from the laboratory to the ﬁeld is one of the main challenges
(DeJong et al., 2013). Drum-can tests are conducted to examine
the feasibility of the EMCP technique on a larger scale.
3.1. Materials
The grout material used in this work is a combination of
reagents (i.e., urea and CaCl2) and an enzyme called urease.
The enzyme was found to be non-toxic by Follmer et al.
(2001). Urea and CaCl2, with claimed purity levels higher than
95%, are obtained from the Kanto Chemicals Co. Inc., Tokyo,
Japan. Urease, with a urease activity of 2970 units/g, is
obtained from the Kishida Chemical Co. Ltd., Osaka, Japan.
Silica sand (poorly graded, ﬁne to medium) with porosity¼0.405,
emax¼0.799, emin¼0.474, and a speciﬁc gravity of 2.645 is used
for preparing the sand specimens in steel drum-cans. The grain
size distribution curve of the sand utilized in this work is shown
in Fig. 5.
3.2. Experimental setup and procedure
The methodology presented in our previous work (Neupane
et al., 2013) is also followed in this work. A schematic of the
drum-can experiment is shown in Fig. 6. As shown in the
ﬁgure, steel drum-cans, with a diameter of 57 cm and a heightof 85 cm, are utilized. A ﬂexible tube with an internal diameter
of 3 mm (saturation tube) is placed at the bottom of each
can. It will be used to inject CO2 gas and water for saturation.
A 10-cm layer of aggregate is placed at the bottom. Two outlet
pipes, with a diameter of 2.5 cm, a length of 1 m, and with
drainage holes at frequent intervals, are attached vertically
along the wall of the drum-cans. The inner surface of the
drum-cans is covered with textile to prevent the direct contact
of rust with the sand and also to ensure drainage in all
directions. Silica sand is poured in 6 layers of 10 cm each.
A relative density of 50% is maintained at every layer. An
injection tube is placed at the centre of the specimen during the
sand packing. The injection tube is a ﬂexible tube with an
internal diameter of 1.2 cm, provided with 2-cm long slots
covered by cotton mesh at one end. After pouring in the sand
up to 45 cm, an outer tube with a diameter of 2.5 cm is inserted
from outside the injection tube and ﬁxed. Sand is added up to
60 cm. The space between the injection tube and the outer tube
is plugged up with gypsum. The gypsum will help to prevent
the shortcutting of the injected solution along the outer surface
of the injection pipe. The outer tube is removed before the
gypsum is set. A 5-cm layer of coarse aggregate is added
above the sand specimen. The arrangement is sealed with a 3-
cm layer of mortar.
Table 5
Experimental conditions of drum-can tests.
Specimen
name
Green
dye [g/L]
Urea and
CaCl2 [mol/L]
Urease
[g/L]
Injection rate
[L/min]
Inj.
volume
[L]
D1 0.1 1.0 15 1.0 30
D2 0.1 1.0 15 1.0 60a
a30 L of solution is injected twice.
Sampling tubes
Fig. 7. Drum-can D2 after opening its wall.
D
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35 cm
Fig. 8. Improved portion of specimen in drum-can D2 showing the approx-
imate locations of samples collected for UCS experiments.
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injection. The injected water will displace the air in the voids
of the sand specimen. However, it is not possible to remove
100% of the air. To achieve the maximum degree of saturation,
the CO2 injection method suggested by Lade and Duncan
(1973) is employed. 1.5 pore volumes of CO2 gas, which is
about 92 L at atmospheric pressure, is injected through the
CO2 injection tube placed at the bottom to replace the air in the
voids. As the solubility of the CO2 gas in water is about 70
times higher than the solubility of air in water, the degree of
saturation obtained using this method will be almost 100%.
Subsequently, 92 L of water are injected through the same tube
to dissolve and drain the CO2 from the soil sample. However, a
small fraction of dissolved CO2 gas may remain within the
specimen. This dissolved CO2 may also contribute to the
calcite formation. However, in comparison with the calcite
obtained from the injection of the reagents, a noticeable
proportion of the calcite formation is not expected with this
process.
The equimolar urea–CaCl2 solution is prepared. The pre-
pared solution has a higher temperature because CaCl2 releases
heat when it dissolves in water. The temperature of the
solution is allowed to decrease until it reaches about 25 1C.
Urease is mixed with water and stirred for about 5 min. The
urease solution is ﬁltered to remove any undissolved particles.
The clear urease solution, a small amount of green dye
(0.1 g/L), and the urea–CaCl2 solution are blended together
just before injection. The ﬁnal concentrations of urea–CaCl2
and urease in the mix are 1.0 mol/L and 15 g/L, respectively.
The reagent concentration employed in this work is 2 times
higher than that employed in the previous work (Neupane
et al., 2013). The prepared solution is injected at a rate of
1.0 L/min through the solution injection tube. Two drum-can
experiments (D1 and D2) are conducted. In drum-can D1, 30 L
of grouting solution are injected. In drum-can D2, 30 L of
grouting solution are ﬁrstly injected followed by another 30 L
after an interval of 2 h. The number of grouting solution
injections is limited to 2 times in this work. Details of the
solution injection are summarized in Table 5.
After 24 h of ﬁnal injection, three sampling tubes (80-cm
long PVC tubes with an internal diameter of 5 cm) are inserted
vertically at distances of 5, 15, and 23 cm from the centre
of the specimen, as shown in Figs. 6 and 7. The wall of
each drum can is cut to make a 45-cm-wide opening, as
shown in Fig. 7. In order to observe the improvement in the
treated samples, a gentle spray of water is allowed to wash
away the unimproved portion leaving only the improved
portion. The ﬂow rate of the spray is further increased to
wash away the semi-improved portion to achieve the hardest
core. Blocks of the hardest portion of the treated sand
specimen are collected to obtain the samples for a stiffness
and strength evaluation. The blocks are washed with water
again to remove the relatively softer parts. However, the
ammonium chloride (by-product) trapped in the pores may
not be removed. The zones of the samples taken for the
UCS test are shown in Fig. 8. The split cylinder with a
diameter of 3.5 cm and a height of 8.0 cm is utilized to cut asample of required size. One of the two halves of split cylinder
is rubbed over the selected block until a diameter of 3.5 cm is
obtained. The split cylinder and a half prepared sample are
3.5 cm
8.
0 
cm
Fig. 9. Samples being prepared for UCS test, and split cylinder.
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Fig. 10. XRD analysis of treated sand (a) before and (b) after CVE experiment.
Fig. 11. Improved portion of specimen inside drum-can D1.
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rubbed into shape.
Afterwards, a 7.0 cm long piece is cut. The obtained samples are
subjected to unconﬁned compression tests in their wet state. The
samples broken during the unconﬁned compression tests are again
collected to quantify the amount of calcite present on them. The
amounts of precipitated CaCO3 are evaluated using the CVE
method of calcite quantiﬁcation. To evaluate whether the samples
after conducting CVE experiment still contain ﬁne calcite particles
bonded with sand or not, mineralogical analyses of the sample
D2S2 are conducted. The XRD spectrums of the sample, before
and after washing with acid during CVE experiment, are obtained
as shown in Fig. 10. The XRD spectrum of unwashed sampleshows several peaks of calcite, while that of washed sand does not
show any peak of calcite.
The three sampling tubes inserted inside the drum-cans are
removed from the sand specimen and cut vertically into halves.
About 50 g of sand are collected every 10 cm of sampling
tube. The amount of calcite present within the collected sand is
evaluated using the CVE method of calcite quantiﬁcation.3.3. Results and discussion
An almost spherical shape for the improved sample, with a
diameter of about 20 cm, is obtained from drum-can D1, as
shown in Fig. 11. It was broken during extraction so that the
samples would not be obtained for the unconﬁned compression
tests. The fact that the specimen from drum-can D1 improved
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calcite. In the case of the specimen from drum-can D2, an
improved spherical shape with a diameter of about 35 cm is
obtained as shown in Fig. 8. The portion close to the injection
(i.e., up to 5 cm from the injection) is observed as being
relatively softer. The hardest portion is found to extend from 7
to 13 cm from the centre. Previous literatures also show the
improvement of the soil at some distances from the injection
point. Whifﬁn et al. (2007) observed the maximum strength at
a distance of 1 m from the injection in their 5-m long column
experiment. However, the ﬂow velocity prescribed was low
(i.e. 0.34 L/h). Large scale biogrout experiment conducted by
van Paassen et al. (2010) also obtained the maximum amount
of calcite at a distance of about 1 m from the injection. In the
current work, the improvement at a distance several centi-
metres away from injection may be due to the following
reason. The cementation that formed during the ﬁrst injection
may have been destroyed during the second injection. Further-
more, the calcite that precipitated during and after the ﬁrst
injection may be displaced from the initially precipitated
locations. The particles of calcite displaced from their initial
location may be deposited a few centimetres away from the
injection creating a lower porosity zone there. The lower
porosity zone further restricts the movement of the calcite
particles. The convolving effects may be the cause of the high
improvement at 7–13 cm from the centre. The samples for
evaluating the mechanical properties are collected from the
hardest portion. The approximate positions of the samples
collected for the unconﬁned compression tests are represented
by the open rectangles in Fig. 8. A stress–strain diagram of the
improved sand samples is plotted in Fig. 12, and stiffness E50
is also evaluated. The relation between the precipitated calcite
and the improved mechanical properties is shown in Fig. 13.
An unconﬁned compressive strength of up to 380 kPa and
an E50 of up to 18 MPa are obtained from the improved
samples containing 10–12% calcite. In comparison with some
of the previous literatures, the maximum calcite content
obtained in this study is relatively higher. Whifﬁn et al.
(2007) obtained a maximum calcite content of about 6.4%
with a continuous injection of 1.35 pore volumes of 1.1 mol/L
urea–CaCl2 solution (i.e., equivalent to 1.48 pore volumes of
1.0 mol/L solution). Cheng et al. (2013) obtained calcite
content of at least 5% with 3 times injection of 1.0 mol/Lsolution. The by-product (NH4Cl) trapped in the void of the
soil particles may have contributed a little in strength.
However, the solubility of the NH4Cl is very high. Because
of the high solubility, the salt crystals are not expected to form.
The non-crystalized form of the salt are not expected to
contribute in strength properties. The relation between the
amount of calcite in the sand and the unconﬁned compressive
strength obtained in this work is compared with similar
relations available in the literature in which the MICP method
is adopted to obtain the improvement. A comparison is
presented in Fig. 14. The properties of the sand employed in
the previous studies and this study are shown in Table 6. The
UCS values obtained in this study are relatively smaller than
the UCS of the previous literatures.
The horizontal and vertical distributions of calcite are
evaluated from the results of the calcite quantiﬁcation of the
samples collected through the three sampling tubes. The
horizontal distribution of CaCO3 at the centre is shown in
Fig. 15. The adjoining schematic represents the locations of the
samples collected for the calcite quantiﬁcation. As is apparent
in the ﬁgure, the calcite precipitation occurs along a longer
distance in drum-can D2 than in drum-can D1.
The vertical distribution of CaCO3 at distances of 5, 15, and
23 cm from the centre is shown in Fig. 16(a-c), respectively. The
adjoining schematics represent the locations of the samples
collected for the calcite quantiﬁcation. The calcite distribution
inside drum-cans D1 and D2 at the central vertical plane are also
Table 6
Physical properties of sand used in various MICP techniques.
Reference Porosity
[ ]
Dry density
[g/cm3]
Gradation Grain size
van Paassen et al.
(2010)
nma 1.56 Poorly
graded
Fine to medium
sand
Whifﬁn et al.
(2007)b
0.390 1.65 Poorly
graded
Fine to medium
sand
Cheng et al. (2013) 0.390 1.63 Poorly
graded
Medium to
coarse sand
Current study 0.405 1.57 Poorly
graded
Fine to medium
sand
aNot mentioned.
bConﬁned drained triaxial test with a conﬁning pressure of 50 kPa was
conducted.
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Fig. 15. Horizontal distribution of calcite for drum-cans D1 and D2.
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Fig. 16. Vertical distribution of calcite at (a) 5 cm, (b) 15 cm, and (c) 23 cm
from the centre for drum-cans D1 and D2.
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specimen, which are already shown in Figs. 11 and 8, are again
shown in the adjoining ﬁgures. The open squares represent the
position of the samples collected to quantify the amount of
calcite. As the samples are collected at only one half of the treated
domain, the same values for the calcite at the other half are used
to plot the whole domain. As is apparent in these ﬁgures, the
maximum amount of precipitated calcite is about 2.0% and 6.5%
in the case of drum-can experiments D1 and D2, respectively.
Comparing the distribution of calcite in Fig. 17 with the visual
observation of the improved sample (i.e., Figs. 11 and 8), it is
noticed that at least 2% calcite is required to improve the
properties of sand.
In comparison with the improved area obtained in our previous
work (Neupane et al., 2013), a larger improved area has been
achieved in this work. Moreover, a relatively uniform distribution
of calcite is obtained. The bottom of the drum-can shows an
appreciable amount of calcite in our previous work. In this work,
however, only a small fraction of calcite (i.e., less than 0.5%) is
observed to precipitate at the bottom of the drum-cans, as shown in
Fig. 17. The calcite at the bottom of the drum-can may be due to
the portion of the solution that may precipitate after it ﬂows all the
way through the soil and gets deposited at the bottom. As the
amount of calcite is not appreciable, it can be concluded that
almost all the calcite precipitates within the desired treatment area.
Regarding these facts, it can be concluded that the efﬁciency of the
two-time injection of a higher concentration solution is more thanthe efﬁciency of the three-time injection of a lower concentration
solution.4. Conclusion
Enzyme mediated calcite precipitation, EMCP, has been
evaluated for its possible application as a soil-improvement
technique. Distribution of the precipitated calcite within the
sand specimen has been evaluated. Mechanical experiments of
the improved portions of soil specimens have been carried out.
An attempt has been made to relate the improved mechanical
properties with the amount of calcite precipitation. Two calcite
quantiﬁcation methods that utilize the basic principles of
chemistry have been evaluated. The experimental results show
that the CVE method may be suitable for quantifying the
calcite in other calcite precipitation-related works. However,
before the actual quantiﬁcation of calcite, it is recommended
that a calibration curve be developed and compared with the
theoretical values.
The results of unconﬁned compression tests showed that the
precipitated calcite is capable of noticeably modifying the
mechanical properties of soil. The almost spherical shapes of
ZX
35 cm
35 cm
X
Z
Fig. 17. Distribution of calcite inside (a) drum-can D1 and (b) drum-can D2 at a plane near centre and their comparison with the improved portion of the
experimental specimens.
D. Neupane et al. / Soils and Foundations 55 (2015) 447–457456the improvement observed in drum-can experiments exhibit
that the distribution of calcite is almost uniform in all
directions. However, the larger area of improvement is yet to
be achieved. The rate of calcite precipitation reaction may have
a remarkable inﬂuence on the treatment distance. The techni-
que of achieving a larger treatment area, considering the
inﬂuence of the reaction rate on the treatment distance, is
under study and will be discussed in the near future. The
results of this study elucidate that EMCP may be an alternative
soil-improvement technique for engineering applications.
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